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Water Impact Statement

Brine disposal remains a challenge for inland brackish water desalination due to the cost and
negative environmental impacts. This study developed the combined persulfate photolysis and
chemical demineralization process to effectively treat brine. Implementing the suggested process
has the potential to improve the sustainability of inland desalination by reducing the brine

volume and its negative environmental impact.
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Abstract

Brine disposal is a challenging issue for brackish water desalination in inland regions. This study
developed an ultraviolet-driven persulfate oxidation pre-treatment (UV/PS) followed by a
chemical demineralization (CDM) and microfiltration to effectively treat brackish water
desalination brine, specifically by degrading antiscalant during UV/PS and precipitating scale-
forming calcium from the brine during CDM. To optimize calcium removal kinetics, the effects
of persulfate dose and UV irradiation time during UV/PS were investigated and softening by
NaOH and lime during CDM were evaluated. UV/PS pre-treatment successfully eliminated the
scale inhibition effect of antiscalant, resulting in an enhanced chemical demineralization
performance. A few minutes of CDM operating time was sufficient to remove more than 85% of
total calcium from the brine due to the fast sedimentation of calcium precipitates. Moreover,
compared to a control (no pre-treatment), the subsequent microfiltration (MF) membrane fouling
potential was reduced by 80%. Overall, the application of the UV/PS-CDM-MF combined
process has the potential to remove more than 90% of calcium from the brackish desalination
brine, and consequently recover a significant amount of fresh water (>90%) from the brine.
Results from this study point to UV/PS-CDM process as a promising brine treatment technology
to remove scale-forming precursors and improve water recovery.

Water Impact Statement

Brine disposal remains a challenge for inland brackish water desalination due to the cost and
negative environmental impacts. This study developed the combined persulfate photolysis and
chemical demineralization process to effectively treat brine. Implementing the suggested process
has the potential to improve the sustainability of the inland desalination by reducing the brine

volume and its negative environmental impact.
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1. Introduction

Freshwater scarcity has become a worldwide challenging issue.' To overcome freshwater
scarcity in inland and semi-arid areas, including the Middle East, Southern California and Texas,
reverse osmosis (RO) membrane desalination of brackish groundwater that contains total
dissolved solids (TDS) ranging from 1 to 10 g/L is employed to generate freshwater.*¢ Water
recovery of brackish water RO desalination is typically between 40% and 85%, depending on
TDS and chemical composition of the feed water.”!? Therefore, 15% to 60% of the feedwater
becomes the RO concentrate waste, known as brine. However, the management of a RO
concentrate stream remains challenging due to the high costs and adverse environmental impacts,
especially in inland regions.!!"13 Current management options for inland desalination plants
include ocean or surface water discharge through a brine line, deep well injection, evaporation
pond, and landfill solidification.!*!7. However, the cost of existing brine management can add
up to more than 30% of the overall treatment cost,'®!° and direct disposal can have negative

environmental impacts by increasing salinity and inducing secondary pollution.?%-22

In order to minimize the inland brine management cost and negative environmental effects,
additional water recovery from brine is needed. The improvement of water recovery can be
achieved by passing the primary brine through a secondary RO process.?3?* However, the major
limitation to achieving high water recovery from the brine is mineral scaling by sparingly soluble
salts (e.g., calcite and gypsum) on the membrane surface.?>2¢ Therefore, an adequate brine
treatment prior to the further membrane process is necessary to reduce mineral scaling during the

secondary RO process.
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The major target constituents of brine pre-treatment are antiscalant and scale-forming
precursors.!727-2% Antiscalant is a vital chemical due to its scale inhibition effect, which improves
the water recovery of the RO system; therefore, the type of antiscalant applied to the RO system
has a significant impact on the operating and maintenance costs in the desalination plants.3°
Choosing the appropriate type of antiscalants depends on the feedwater composition.>! Among
various types of antiscalants, phosphonate-based antiscalants are most commonly added to the
feed water.3>34 Although antiscalants help prevent precipitation and increase water recovery at
the main RO desalination stage, the presence of antiscalants in the brine hinder the removal of
target scale-forming precursors at the brine treatment process;* therefore, the removal of
antiscalant can benefit brine treatment. Several antiscalant separation techniques, including use
of coagulant or surfactant, ion exchange, adsorption, nanofiltration, and chemically-enhanced
seeded precipitation have been proposed.??-3¢-42 Additional chemical residuals may cause
membrane fouling at the secondary RO process.*>** Ion exchange and adsorption still need to be

improved for the process sustainability, and antiscalant residual may still present after treatment.

Antiscalant degradation by advanced oxidation processes (AOPs) is a promising approach to
remove phosphonate-based antiscalant compounds.?®#-47 The benefit of AOPs is the
decomposition of antiscalants in brine to simple organic compounds. Consequently, both scale
inhibition effect during the demineralization process and the possibility of membrane fouling by
excessive antiscalant in the RO process can be reduced. Among various AOPs, an ultraviolet-
driven persulfate oxidation process (UV/PS) has the potential to remove antiscalants
effectively.*® UV photolysis of persulfate (S,03%>) generates sulfate radical (SO4~), and it is a

strong oxidant with similar oxidizing power (E®=2.5-3.1 V) to HO*(E° = 1.9 - 2.7 V). SO, is
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also more selective toward organic contaminants.*® However, little research has been performed

on the application of UV/PS on brine treatment.

After antiscalant degradation, the removal of scale-forming precursors in brine can be achieved
by demineralization processes. Among various demineralization techniques, chemical
demineralization (CDM) is effective in the removal of scale-forming precursors.**-! Alkaline
chemicals, e.g., CaO, Ca(OH),, NaOH, NaHCOs3, Na,COs are often used to remove major scale
forming precursors including Ca?*, Ba?*, Mg?*, and SiO,.>!>* NaOH softening and lime
softening using CaO, Ca(OH),, NaHCO; or Na,CO; would be beneficial, because these methods
only require simple chemical addition; as a result, it allows for the recovery of relatively pure
minerals from the sludge of the CDM process. Nonetheless, the kinetics and mechanisms of
CDM after antiscalant degradation via UV/PS remains unknown, and the impact of UV/PS and

CDM processes on system water recovery needs to be answered.

The objectives of this research were to: (1) evaluate the applicability of the UV/PS coupled with
CDM to degrade antiscalant and remove scale-forming precursors from brackish water
desalination brine; (2) determine operating conditions of the UV/PS process (i.e., persulfate dose
and UV irradiation time) to degrade antiscalant in the feed water; (3) identify the kinetics and
mechanisms of calcium precipitation and calcium removal efficiency by NaOH softening and
lime softening methods in the presence and absence of UV/PS pre-treatment at the CDM
process; (4) investigate the solid/liquid separation performance of the MF process after CDM in
the absence and presence of the UV/PS process, and (5) assess the water recovery potential at
RO after UV/PS-CDM process. The performance of the UV/PS-CDM process was evaluated
based on a few technical evaluation metrics, including the settling rate of mineral precipitates at

the CDM process, product water quality, and the extent of MF membrane fouling.
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2. Materials and Methods
2.1 Chemicals and solutions

Stock solutions and synthetic brine feed water were prepared using Milli-Q water. All chemicals
are reagent grade or higher and obtained from JT Baker, Sigma-Aldrich, or Fisher Scientific.
Synthetic brine solutions were prepared to simulate the chemical composition of inland brackish
groundwater RO concentrate at the Inland Empire Brine Line in Riverside, California, USA.>>
Details of brine water quality are listed in Table 1. The use of synthetic feed water allowed a
fundamental investigation of the calcium carbonate precipitation, which is a major supersaturated
solid in inland desalination brines.*!-*® Diethylenetriamine pentamethylene phosphonic acid
(DTPMP) was chosen as a representative phosphonate-based antiscalant to prepare the synthetic
brine, because DTPMP is a widely used antiscalant in membrane treatment and exhibits a strong

scaling inhibition effect.33-3 The chemical structure of DTPMP is shown in Fig. S1.
2.2 Experimental setup

The brine treatment process consisted of a UV/PS pre-treatment to degrade antiscalant, a CDM
step to remove scaling components, and a microfiltration (MF) step to separate scaling minerals
from the treated brine (Fig. ). For UV/PS experiments, a 4-L beaker UV reactor equipped with a
450-W medium pressure UV immersion lamp (Ace Glass, Inc.) was utilized (Fig. S2A). To start
an experiment, a 3.5-L synthetic brine solution containing 2-5 mM persulfate and 0.1 mM
DTPMP (equivalent to 15.5 mg/L as organic phosphorus) was exposed to UV irradiation that last
up to 60 minutes. The initial and final pH of the brine solutions was 7.8 and 6.7, respectively.
The chosen concentration of DTPMP was at the higher end of typical phosphonate-based
antiscalant concentration observed in RO brine.3*~7 During UV/PS experimentation, 3-mL

samples were withdrawn by pipette from the experimental reservoirs at each targeted reaction

4
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time interval. Additional details on the UV/PS experiment can be found in Text S1 of the

Supplementary Information.

Following the UV/PS experiment, 1L of the UV/PS treated brine underwent a CDM process in a
2-L stirred rectangular batch reactor (Fig. S2B). For the UV/PS pre-treatment prior to the CDM
process, 4 mM persulfate and 5, 10, or 20 minutes of UV irradiation time were employed. In
addition, two control CDM experiments were conducted using a synthetic brine without UV/PS
pre-treatment (control — no UV/PS pre-treatment), and a synthetic brine in the absence of
antiscalant without UV/PS pre-treatment (control — no antiscalant). Two chemical
demineralization methods were evaluated for the CDM process, i.e., NaOH softening and lime
softening. For the NaOH softening method, a targeted amount of NaOH was added to adjust the
pH of the UV/PS-treated brine to either 7.8, 9.0 or 10.2 with prior to CDM process. pH 7.8 is
synthetic RO brine feedwater pH (Table 1), pH 10.2 is where the plateau of the calcium
carbonate saturation index in the brine started (Fig. S3), and pH 9 is the middle point of those
two pHs. For the lime softening method, a requisite amount of Ca(OH), and NaHCOs in
combination was added to the UV/PS-treated brine. Immediately after chemical addition, the
brine was rapid-mixed at 700 rpm for 1 minute to allow chemical mixing, followed by 29
minutes of sedimentation (i.e., a total of 30 mins of CDM process). At targeted time intervals
during the CDM process, 3-mL samples were withdrawn from the batch reactor at 3 cm below
the water-air interface using a pipette, which minimized the stirring impact on the reactor (Fig.
S2B). All samples were immediately acidified with 100 pL of concentrated HNO; and preserved

for total calcium analysis.

Following the CDM process, a MF step was conducted to evaluate the impact of the UV/PS-

CDM treatment on the solid/liquid separation process from the treated brine. Specifically, the
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CDM treated brine further underwent a dead-end microfiltration (MF) process to separate
residual particles in the supernatant.’®¢! Based on the CDM process results, the solid/liquid
separation was performed 3 minutes of the lime softening CDM process and 5 minutes after the
start point of NaOH softening CDM process with different UV/PS pre-treated brines. The
experimental setup consisted of 0.1-um polyvinylidene fluoride membrane (Millipore Sigma,
Burlington, MA), pressurizing equipment (nitrogen gas tank, pressure gauge, and pressure
control valve), a 200 mL stirred cell (Millipore Sigma, Burlington, MA), and a permeate
collection line (Fig.S4 and Text S2). The permeate flux was measured continuously by a digital
mass balance. Membrane permeate flux and relative permeate flux were calculated using

Equations 1-2, respectively:

M
J=7 (E1)
Relative permeate flux =]]*0 (E2)

Where J is the permeate flux (g cm™ s!), M is total mass of permeate (g), 4 is membrane area

(cm?), t is experimental time (s), and Jj is initial permeate flux (g cm™? s).

2.3 Analytical methods for water samples

During the UV/PS pre-treatment, the concentration of persulfate in the brine was determined by
a colorimetric method using potassium iodide.%? The concentration of DTPMP in the brine was
calculated by measuring orthophosphate concentration using Standard method 4500-P E,®3 since
orthophosphate is the final phosphorus oxidation product.6->® During the CDM experimental
step, the solid precipitation and sedimentation were monitored by measuring the change of total
calcium concentration at pre-determined time intervals. The concentrations of total calcium and

sodium in the initial synthetic brine and sampled product solutions were determined using an
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Inductively Coupled Plasma Mass Spectroscopy (ICP-MS, Agilent Technologies, Palo Alto,
CA). Alkalinity was measured by titration based on standard method 2320B and the
concentration of chloride was determined following Standard Methods 4110B by ion

chromatography (Dionex ICS-1100, Thermo Scientific, Sunnyvale, CA).%
3. Results and discussion

3.1 Antiscalant DTPMP degradation by UV/persulfate

DTPMP was successfully degraded in synthetic brine as the brine was irradiated in the
UV/persulfate system (Fig. 2. Contribution of persulfate dose to DTPMP degradation (A) effect
of UV/persulfate on DTPMP degradation and (B) observed pseudo first-order rates of DTPMP
degradation. Experimental condition: Synthetic brine, [Ionic strength] = 98 mM; [DTPMP], =
0.1 mM; [Persulfate]y = 2.0 - 5.0 mM; initial pH = 7.8; Error bars represent the range of values
for triplicate tests.A). The degradation of DTPMP followed a pseudo first-order kinetics model
(all R > 0.95). The observed pseudo first-order rates of DTPMP degradation increased from
5.9x102t0 9.6x102 min‘! as the persulfate dosage increased from 2 to 5 mM (Fig. 2.
Contribution of persulfate dose to DTPMP degradation (A) effect of UV/persulfate on DTPMP
degradation and (B) observed pseudo first-order rates of DTPMP degradation. Experimental
condition: Synthetic brine, [lonic strength] = 98 mM; [DTPMP], = 0.1 mM; [Persulfate], = 2.0 -
5.0 mM; initial pH = 7.8; Error bars represent the range of values for triplicate tests.B).
Persulfate photolysis generates SO~ (Reaction 1), which further hydrolyzes to HO* (Reaction 2;
k=6.5%107 M-1g71):64.65

S,03~—2S05~ (R1)
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SO03~ + OH™ <S03~ + HO® (R2)
A persulfate dosage equal or higher than 4 mM completely degraded DTPMP in 30 minutes UV
irradiation time; however, a persulfate dosage less than 4 mM were not enough to completely
degrade 0.1 mM DTPMP (Fig. 2A), due to an insufficient generation of reactive radicals via

persulfate photolysis (R1 - R2).

S03~ and HO® can be scavenged by persulfate (Reactions 3-4; k3=5.5x10° M-!s"!; k,=1.4x10" M-
Is1), respectively,*>-6¢ and generate non-reactive persulfate radical S,Og":67-68
SO5~ + S,03~<S,05~ + S05~ (R3)

HO® + S;03~ <S03~ +0H ™~ (R4)

This scavenging impeded the degradation of DTPMP with increasing persulfate dosage;
therefore, the rate constant of DTPMP degradation increased at a slower pace as the persulfate
dosage increased beyond 4 mM (Fig. 2B). Because more than 90% of DTPMP was degraded
after 20 minutes of persulfate photolysis with 4 mM persulfate dosage (Fig. 2. Contribution of
persulfate dose to DTPMP degradation (A) effect of UV/persulfate on DTPMP degradation and
(B) observed pseudo first-order rates of DTPMP degradation. Experimental condition: Synthetic
brine, [lonic strength] = 98 mM; [DTPMP], = 0.1 mM; [Persulfate], = 2.0 - 5.0 mM; initial pH =
7.8; Error bars represent the range of values for triplicate tests.B), 4 mM dosage of persulfate

was chosen for subsequent UV/PS-CDM experiments.
3.2 Chemical demineralization by NaOH Softening

Calcium carbonate is a major precipitate from the brine, and the precipitation of calcium
carbonate is dictated by pH of the solution as a result of carbonate speciation.®® The saturation

index (SI, the logarithm value of the saturation state) of calcium carbonate of the brine was

8
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approximately 1.8 (Fig. S3), indicating precipitation is thermodynamically favorable (SI > 0).
When NaOH is added to the brine to increase pH, chemical demineralization occurs via calcium

carbonate precipitation (Reactions 5-7):

NaOHoNat + OH~ (RS)
OH~ + HCO5 «<C0%~ + H,0 (R6)
Ca** + €03~ <CaCOs, (R7)

Therefore, the saturation index of calcium carbonate mineral increases as pH increases (Fig. S3).
Experimental data showed that total calcium residual in the brine exhibited the biggest decrease
when the brine pH was adjusted to 10.2 during the CDM process (Fig. 3A). When the brine pH
increased from pH 7.8 to pH 10.2, the dominant carbonate species switches from HCO;3™ to CO3*

and promoted calcium precipitation (RS - R7).

In comparison with the control without UV/PS pre-treatment, the UV/PS pre-treatment was
shortening the settling time of calcium precipitates during the CDM process and achieved the
lowest final calcium concentration (Fig. 3B). In addition, the total calcium removal from the
UV/PS pre-treated brine during the CDM process exhibited a similar reaction kinetics in
comparison to the CDM control without antiscalant (Fig. 3B). These trends strongly suggested
that the degradation of DTPMP during the UV/PS pre-treatment promoted calcium removal
during the CDM process. The presence of DTPMP has a detrimental effect on the calcium
removal and delayed the sedimentation of calcium precipitates during the CDM (Control without
UV/PS pre-treatment in Fig. 3A). Antiscalants interfere with the complete particle growth by

adsorbing onto nucleating crystals and blocking the crystal growth sites.”%!
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3.3 Chemical demineralization by lime softening

Chemical demineralization via lime softening introduces additional calcium in the form of

hydrated lime Ca(OH), into the system and induces calcium carbonate precipitation (Reactions

8-10):
Ca(OH),&Ca%*t + 20H™ (R8)
20H~ + 2HCO3 <2C0%~ + 2H,0 (R9)
Ca?* + 2HCO3 + Ca(OH),<2CaC05(s) + 2H,0 (R10)

Since additional calcium was added for demineralization, total calcium concentration increased
initially during the first one minute and then decreased as reactions took place (Fig. ). During the
lime softening CDM process, total calcium concentration in the UV/PS pre-treated brine
exhibited the fastest removal in comparison to controls (Fig. 4). The settling of calcium
precipitates mostly took place during the first 3 minutes of the CDM process. In contrast, no

calcium removal was achieved after 15 minutes of CDM process in the two control experiments.

In addition, as DTPMP was degraded to orthophosphate during the UV/PS pre-treatment, the
formation of orthophosphate accelerated total calcium removal during the CDM process. In a
separate control experiment by adding orthophosphate to the brine prior to the CDM process, the
effects of orthophosphate addition on the kinetics of total calcium removal were similar to
UV/PS pre-treatment. This behavior was observed for both NaOH softening (Fig. S5A) and lime
softening (Fig. S5B). The formation of orthophosphate resulted in the supersaturation and
precipitation of hydroxyapatite Cas(PO4);OH) in the brine (saturation index > 14.4), which
could accelerate the nucleation and precipitation of calcium solids. Therefore, the UV/PS pre-

treatment both removed the inhibitive effect of DTPMP on calcium precipitation and accelerated
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additional calcium phosphate mineral nucleation, both of which contributed to the total calcium

removal during the CDM process.

The effect of varying UV irradiation time during the UV/PS pre-treatment on total calcium
removal via the CDM process was also investigated. Results showed that an increased in the UV
irradiation time led to better total calcium removal during the NaOH softening CDM process
(Fig. 5A). For the lime softening CDM process, notably a faster settling was achieved with
UV/PS pre-treatment regardless of the UV irradiation time (Fig. 5B), indicating that a partial

degradation of DTPMP also accelerated the demineralization process.

3.4 Microfiltration performance following chemical demineralization

The CDM-treated brine further underwent a MF process and the effect of UV/PS pre-treatment
on the MF performance was evaluated. Results showed that the MF permeate flux maintained at
a high level and exhibited little decline when the brine was pre-treated with the UV/PS as the
first step (Fig. ). This trend suggested that the UV/PS pre-treatment significantly alleviated
particle scaling on the MF membrane surface. Because the UV/PS pre-treated brine exhibited a
fast settling of calcium solids and a majority of the solids were removed during the first 5
minutes of the CDM process, the combined UV/PS-CDM treated brine feeding into the MF step
had minimal suspended solids. Consequently, the MF permeate fluxes showed a minimal
decline. In contrast, the brine without UV/PS pre-treatment exhibited a severe flux decline (50%
-80% decrease) during the MF separation (Fig. ). Without antiscalant degradation by the UV/PS
pre-treatment, a significant amount of precipitates remained after the CDM process in the
solution due to slow settling rate, which induced fouling on the MF membrane by precipitates

and promotes a denser fouling cake.?® The less fouling on the MF membrane indicates that
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increase in product water yield, less frequent membrane backwashing and replacement, and

reduced MF operation cost.

4. Engineering Implications on Freshwater Recovery

The application of the UV/PS pre-treatment followed by a CDM process improves the permeate
flux during the MF step due to a low calcium concentration in the MF permeate (Table S1). The
MF permeate can further undergo an additional RO step to recover freshwater from the
sequential UV/PS-CDM-MF treated brine. The extent of water recovery via this additional RO
step is limited by calcite mineral scaling on the RO membrane, which can be predicted based on
the theoretical calculations on the saturation index (SI) of calcite in the UV/PS-CDM-MF treated
brine (i.e., RO feed brine). Details on the SI calculations are provided in Text S3 and Table S1.
Calcite is oversaturated in the untreated brackish desalination brine and its oversaturation leads
to membrane scaling during the RO step and limits water recovery. Specifically, water recovery
can be continuously achieved via the additional RO system in the absence of antiscalant when
the calcite SI of the feed brine is below zero, i.e., the sequential UV/PS-CDM-MF treated brine
is undersaturated with respect to calcite. Furthermore, additional antiscalant can be added to the
UV/PS-CDM-MF treated brine to alleviate calcite scaling. For a conservative RO system design,
the upper operating limit of calcite SI is recommend to be 1.8 for the RO feed water with

phosphonate-based antiscalants to avoid extreme operating condition or system failure.”

Calculations show that the calcite SI of the untreated brine (control without treatment), UV/PS-
CDM-MF treated brine (via lime softening during the CDM process) and UV/PS-CDM-MF
treated brine (via NaOH softening during the CDM process) was 1.8, 0.3 and -0.2, respectively

(Fig. ). This suggests that that the untreated brine is an unfavorable condition for additional water
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recovery. When an antiscalant is added during the additional RO step to recover freshwater from
the treated brine, the NaOH softening based UV/PS-CDM-MF treatment train can achieve more
than 90% freshwater recovery until the SI limit (i.e., a value of 1.8) of antiscalant inhibition is
reached (Fig. ). Similarly, the lime softening based UV/PS-CDM-MF treatment train can achieve

more than 85% freshwater recovery until the SI limit is reached (Fig. ).

5. Conclusions

The performance of the sequential UV/PS-CDM-MF treatment train process was evaluated and
compared to control experiments. The results show that the UV/PS-CDM-MF in combination is
a promising inland desalination brine treatment technology to remove oversaturated calcium and
increase the freshwater recovery potential via an additional RO step. UV/persulfate process
effectively degraded phosphonate-based antiscalant. In addition, the CDM process after UV/PS
pre-treatment achieved faster settling rate of calcium precipitates due to antiscalant degradation
by the UV/PS pre-treatment. Both NaOH- and lime-softening based CDM methods prevent flux
decline during the subsequent microfiltration step and extend the duration of operation during the
calcium solid/treated brine separation process. The application of the UV/PS-CDM-MF
treatment train process has the potential to remove more than 90% calcium from inland
desalination brine. As a result, a very high-water recovery (>90%) by an additional RO process
is expected. Future work will evaluate the applicability of the UV/PS-CDM-MF-RO treatment

train for freshwater recovery and hardness mineral recoveries from inland desalination brine.
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Table 1. Chemical composition of brackish water desalination brine solutions.

Synthetic Brine water  Brine water quality of

Parameter quality in this study Inland Empire Brine Line Unit
Total Dissolved Solids 5900 5100 mg/L
Calcium 660 660 mg/L
Sodium 1260 800 mg/L
Bicarbonate 1300 1300 mg/L
Chloride 2200 2200 mg/L
Antiscalant 15.5 1 mg P/L
pH 7.8 7.8 --
Tonic strength 98" 98 mM
Calcite Saturation Index 1.8 1.8 --
Temperature 23 23 °C

*NaClO4 was added to the synthetic brine to reach the targeted ionic strength value.
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Inland Desalination Brine | Fresh water |ie°:“.dary RO
(Containing antiscalant and | recovery | -
scale-forming precursors) _————— m
Treated
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Ultraviolet i f
persifate | Artecolont
photolysis Microfiltration
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Demineralization Mineral
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Fig. 1. A schematic of the UV/PS-CDM-MF brine pre-treatment developed in this study.
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Fig. 2. Contribution of persulfate dose to DTPMP degradation (A) effect of UV/persulfate on
DTPMP degradation and (B) observed pseudo first-order rates of DTPMP degradation.
Experimental condition: Synthetic brine, [Ionic strength] = 98 mM; [DTPMP], = 0.1 mM,;
[Persulfate], = 2.0 - 5.0 mM; initial pH = 7.8; Error bars represent the range of values for

triplicate tests.
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Fig. 3. Total calcium concentration of CDM process by NaOH softening with 5 M NaOH. (A)
the CDM process with UV/PS pre-treatment at pH 7.8, pH 9, and pH 10.2; (B) The CDM
process for controls and CDM process with UV/PS pre-treatment at pH 10.2. Note: after
chemical addition (time zero), each solution was rapid-mixed at 700 rpm for 1 minute to allow
chemical mixing and precipitation to occur and then sit for 29 mins for sedimentation (that is, a

total elapsed time of 30 mins); Error bars represent the range of values for triplicate tests.
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Fig. 4. Total calcium concentration of the CDM process by lime softening (16.5 mM of Ca(OH),
and 11.7 mM of NaHCOs). Note: after chemical addition (time zero), each solution was rapid-
mixed at 700 rpm for 1 minute to allow chemical mixing and precipitation to occur and then sit
for 29 mins for sedimentation (that is, a total elapsed time of 30 mins); Error bars represent the

range of values for triplicate tests.
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Fig. 5. Total calcium concentration change during the CDM process after 0, 5, 10, and 20
minutes UV/PS pre-treatment, (A) NaOH softening at pH 10.2; (B) lime softening (16.5 mM of
Ca(OH), and 11.7 mM of NaHCO;). Note: after chemical addition (time zero), each solution was
rapid-mixed at 700 rpm for 1 minute to allow chemical mixing and precipitation to occur and
then sit for 29 mins for sedimentation (Total 30 mins); Error bars represent the range of values

for triplicate tests.

Page 22 of 33



Page 23 of 33 Environmental Science: Water Research & Technology

3 10!L!ldﬁ;il,lﬂ“‘ i dom, A
p OTERAD AN A% onfort o o4 g4 #
§ 1 ®)
O 0.8 @)
X O
" O
() _ O
= 06 OO
: e
& 04 QR
= . %69
% 1 UV/PS pre-treatment time (min)
2 0o O 0 (control)
- A5
=]
g [ ;0
3 o ¢ 20 . .
0 100 200

MF Permeate Volume (mL)

3
3 wlutﬁwv B
g PV A anameny %
F e
8 0.8 O o
5 OOQ
T8 OOO
2 0.6 Oo
© OO
)
£ S¢e)
E 0.4 UV/PS pre-treatment time (min)
= O 0 (control)
¢ A5
= 0.2 m 10
S ¢ 20
£
o 0 . .
0 100 200

MF Permeate Volume (mL)

Fig. 6. Normalized permeate flux decline as a function of cumulative normalized volume
throughput in the solutions of (A) NaOH softening (5 M NaOH, pH 10.2) and (B) lime softening

demineralization without and with UV/PS pre-treatment.
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Fig. 7. Calcite saturation index calculations for calcite in the treated brine after UV/PS-CDM
(NaOH softening) and UV/PS-CDM (lime softening). Control stands for no UV/PS-CDM
treatment (direct use of brine). Saturation index calculations were performed through Visual
Minteq (Version 3.1) for a pH of 7.8 with 100% salts rejection rate at the additional RO process,
and input water quality parameters are in Table S1. Note: the ordinate is a saturation index, and it

is a logarithmic number.
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